Abstract: Increasingly stringent emission regulations have imposed strict requirements on the particulate matter (PM) from gasoline direct injection (GDI) engines, and the gasoline particulate filters (GPFs) are considered one of the most promising devices for meeting these requirement. To reduce the flow resistance of the GPF, a type of nested cylinder and diversion channel plug (NC-DCP) GPF is designed. It is composed of nested foam metal cylinders and annular diversion channel plugs. The pressure drop and its influencing factors were theoretically studied. The results show that the structural parameters, such as the cylindrical layer spacing and the length-to-diameter ratio, and the pressure drop have trade-off relationships. Moreover, the filtration efficiency is analyzed, and the calculation formula is summarized. The internal flow field distribution and its influencing factors are discussed based on a 2-D axisymmetric simulation. The results show that the exhaust velocity affects the flow field uniformity but does not affect the flow field structure. The pressure drop gradually decreases as the number of nested layers increases, and the positive direction is beneficial to reduce the overall pressure drop. Under different velocities, there is an optimal length-to-diameter ratio to minimize the pressure drop, and the simicircular diversion plug greatly improves the flow uniformity index for the internal flow field of the filter element.
Introduction
Gasoline engines as traditional power units have been widely used in cars and trucks. During the application and development of the gasoline engine, gasoline direct injection (GDI) was highly regarded for its excellent dynamics, characteristics, and economy [1] . In GDI engines, fuel is injected directly into the combustion chamber. This can achieve better combustion and operation at higher compression ratios, thereby reducing the fuel consumption and increasing the power [2] [3] [4] [5] . Compared with port fuel injection (PFI) engines, the fuel efficiency under certification test cycle can be increased by 10-15% using small and turbocharged GDI engines [6, 7] .
However, compared to traditional PFI engines, GDI engines have some drawbacks. The direct injection of gasoline into the cylinder causes a short mixing time of fuel and gas before ignition. In addition, injecting the fuel directly into the cylinder can cause wall wetting [8, 9] . These can lead to incomplete combustion and consequent particulate formation [10] , which can cause a large amount of particulate matter (PM) in the exhaust. These are fine particles, broadly in the range from flow distribution, Howitt et al. placed a flow-tailoring devices before the filter element, however, the devices increased not only the pressure drop but also the thermal mass of the system, the increased thermal mass will delay the catalyst light-off [31] . Bella et al. introduced the diverging section of the inlet to improve the flow uniformity under similar flow constraints, which shows good results when the flow is crossing the channels [32] . For the wall-flow filter, the diversion channel plug is the device that can influence the flow uniformity inside the filter element, but not many relevant studies have been found.
The new type of GPF consisting of a nested foam metal cylinder and annular diversion plug is designed by the authors [33] . This filter is hereafter referred to as a nested cylinder and diversion channel plug (NC-DCP) GPF, which aims to reduce the flow resistance and the size and quality of the filter, as well as to improve its surface area and compactness. To analyze the flow field distribution and reduce the pressure drop in the NC-DCP GPF, a two-dimensional steady flow model of the NC-DCP GPF was established using the commercial computational fluid dynamics (CFD) software Fluent 15.0. The effects of the number of nested layers of the filter element, the direction of air flow and the diversion plug on the pressure drop and the flow distribution in the NC-DCP GPF were studied.
Structural Design of the NC-DCP GPF

Design of the Filter Element and Overall Structure
As foam metal has good processability and high strength, this paper selects foam metal as the NC-DCP GPF element material. Figure 1 is an example of the filter element designed by the authors. The filter element is comprised of four foam metal cylinders. The two ends of the cylinders (channels) are precisely positioned, and the cylinders are spaced apart from each other. The sealing area is guided by the semicircular flow diversion plug to ensure the movement of the air flow, such that only one side of each annular space is blocked.
This structure ensures that the exhaust gas does not directly reach the other side of the filter element through the annular channel but must instead flow through the foam metal microporous channel wall surface. When gas flows through the micropore, particles larger than the diameter of the micropore are filtered by sieving, while particles smaller than the diameter of the micropore remain in the micropores of the filter porous medium by adsorption. Using the filter element shown in Figure 1 , the NC-DCP GPF is designed, as shown in Figure 2 .
The arrow in the figure shows the flow direction of the exhaust gas. Cross sections 4-5 shows the filter element, cross sections 2-3 illustrates the expansion cone (inlet cone), and cross sections 6-7 shows the contraction cone (outlet cone). The exhaust gas passes through the sections in cross section 1 and finally enters the exhaust pipe through cross section 8. Under the conditions in which the outer diameter D 1 of the NC-DCP GPF and the length L 4 of the filter element are constant, the internal flow distribution and pressure drop of the NC-DCP GPF are mainly affected by the number of nesting layers of the filter cylinder (cylindrical layer spacing) and the cross-sectional shape of the diversion plug. 
Analysis of the Structural Parameters of the NC-DCP GPF
Under the condition in which the overall size of the NC-DCP GPF is unchanged, the number of nested layers (spacing between cylinders) of the filter element will affect parameters such as the opening ratio of the filter element inlet and outlet surfaces, the surface area of volume filtration and the contraction ratio of the outlet cone and will consequently affect the overall pressure drop ∆P of the NC-DCP GPF. Therefore, the influence of the parameters of the NC-DCP GPF on the overall pressure drop of the NC-DCP GPF is studied when the number of nested layers is 3, 4, 5, and 6.
The pressure drop of the NC-DCP GPF mainly includes the pressure drop of the exhaust through the inlet expansion cone ∆P jk and the outlet contraction cone ∆P js , the pressure drop ∆P i and ∆P o of the exhaust entering and leaving the filter element, the friction pressure drop ∆P L along the annular channel of the exhaust through the filter element and the pressure drop ∆P w when the exhaust passes through the filter wall [25] , as shown in Equation (1) .
(1) Figure 3 shows the calculated values of the cylindrical layer spacing and expansion ratio of the inlet section when the outer diameter and length of the filter element of the NC-DCP GPF remain unchanged and the number of nested layers of the filter element varies. The expansion ratio of the inlet cone refers to the ratio of the maximum radius to the minimum radius D 2 /d of sections 6-7 in Figure 2 . The pressure drop ∆P jk and ∆P js of the exhaust flow through the expansion and contraction sections can be calculated via Equation (2) [34] .
where ρ is the exhaust density, V j is the average velocity of exhaust entering the inlet or outlet cone, and ζ is the local resistance coefficient. The local resistance coefficient ζ is related to the expansion angle (contraction angle) α and the expansion ratio (contraction ratio) D/d. It is assumed that the expansion angle (contraction angle) α of the NC-DCP GPF model shown in Figure 3 is fixed at 90 • . For the inlet cone, the local resistance coefficient ζ k can be calculated according to Equation (3) when the expansion angle is 45 • < α < 180 • .
For the outlet cone, when the contraction angle is 45 • < α < 180 • , the local resistance coefficient ζ s can be calculated according to Equation (4) .
According to Equations (2) and (3), when the expansion angle is 45 • < α < 180 • , the pressure drop of exhaust flowing through the inlet cone is not affected by the expansion angle. The larger the expansion ratio is, the greater the pressure drop is. When the outer diameter and the length of the filter element remain unchanged, the number changing of the nested layers of the filter element does not affect the expansion ratio of cross sections 2-3 in the inlet cone shown in Figure 2 . Therefore, the pressure drop ∆P jk of the exhaust flow passing through the expansion section of the NC-DCP GPF with different nested layers is the same. According to Equations (2) and (4), the pressure drop of gas passing through the outlet cone increases with an increased contraction ratio D/d when the contraction angle α of the outlet cone is constant. As shown in Figure 3 , the contraction ratio D/d of the outlet cone increases with an increased number of nested layers in the filter element. Therefore, using fewer nested layers is beneficial to reduce the pressure drop (∆P js ) of the gas passing through the outlet cone of the NC-DCP GPF.
The pressure drop along the annular channel of the exhaust flow through the NC-DCP GPF filter can be calculated via the following Equation (5):
where λ, L, ρ, and V L are the frictional resistance coefficient, the length, the density and the average velocity of the exhaust flow through the annular channel, respectively, d e is the equivalent diameter of the annular channel, which is four times that of the hydraulic radius, and d e = 2(R − r) for an annular channel with internal and external radius r and R, respectively. Equation (5) shows that the smaller the equivalent diameter d e is, the greater the pressure drop ∆P L is when the length L of the annular channel is constant. In Figure 3 , with increasing number of nested layers, the spacing between cylinder layers gradually decreases, that is, the equivalent diameter d e gradually decreases. Therefore, a smaller number of nested layers is beneficial for reducing the pressure drop (∆P L ) of the exhaust gas flowing through the filter channel. Figure 4 shows the relationship between the opening ratio at both ends and the filtration area per unit volume with the nested layers changing when the overall size of the NC-DCP GPF is unchanged. The opening ratio usually refers to the proportion of the area of the channel inlet surface to the whole cross-sectional area. This ratio can be divided into the opening ratio of the inlet and the outlet.
As shown in Figure 4 , with increasing number of nested layers, the opening ratio of sections 4 and 5, as shown in Figure 2 , gradually decreases. The opening ratio at both ends of the filter element has an important influence on the pressure drop when the exhaust gas enters and leaves the filter element. Referring to the calculation method of the local pressure drop of the gas flowing in the pipe with a sudden contraction and expansion [4] , the calculation equations of the inlet pressure drop ∆P i and outlet pressure drop ∆P o are as follows:
where, c i and c o are proportional constants whose values depend on the structure of the inlet and outlet of the filter element, respectively, which can be determined by experiments. The inlet opening ratio and outlet opening ratio of the filter element are δ i and δ o , respectively. The parameter ρ is the exhaust density. The average exhaust velocity at the inlet and outlet of the filter element is V i and V o , respectively. Equations (6) and (7) show that the method to reduce the local pressure drop at the inlet and outlet of the filter element increases the opening ratios of the filter element. Therefore, fewer nested layers are conducive to reducing the local pressure drop when the exhaust enters and leaves the filter.
From Figure 4 , when the overall size of the NC-DCP GPF is fixed, a greater number of nested layers corresponds to a larger filtration area per unit volume S F . S F refers to the filtration area provided by the filter wall per unit volume, generally excluding the inner surface area of the micropore in the material. The larger the S F is, the larger the filtration area is, and the smaller the resistance of the filter wall. The exhaust gas passes through the filter medium, which is essentially the flow of gas in the microporous medium, namely, seepage flow. Previous studies have shown that the seepage flow in porous media can be approximated by Darcy's law [35] . According to Darcy's law, Equation (8) for calculating the pressure drop caused by gas passing through porous media is as follows:
where µ, κ w , V w , and h w are the dynamic viscosity of the exhaust gas, the permeability of the porous media, the average velocity of the gas flow through porous media and the thickness of the filter wall, respectively. Equation (8) shows that when the thickness of the filter wall is constant, the smaller the average velocity of gas passing through the filter wall is, the smaller the pressure drop is. The larger the S F is, the smaller the average velocity of gas passing through the filter wall due to the continuity of exhaust gas is. Therefore, the pressure drop of exhaust gas passing through the porous medium is also smaller. Thus, more nested layers are beneficial for reducing the pressure drop of the porous medium.
To further study the influence of the change in parameters such as the opening ratio, the filtration area per unit and the expansion ratio of the contraction section caused by the number of nested layers on the overall pressure drop of the NC-DCP GPF, a two-dimensional model of the NC-DCP GPF is established based on the geometric model shown in Figure 2 , and the internal flow field of the NC-DCP GPF is numerically simulated using the commercial CFD software package Fluent 15.0.
Model Formulation
Assuming that the gas flow in the NC-DCP GPF is axisymmetric, a two-dimensional mesh model is generated by choosing half of the model as shown in Figure 2 . The model used in this paper does not consider the effects of the heat and mass transfer and the pressure fluctuation in the exhaust pipe and assumes that the velocity distribution of the gas is uniform when it enters the NC-DCP GPF. Then, a two-dimensional axisymmetric steady-state incompressible flow model is established to quantitatively analyze the internal flow characteristics of the CN-DTP GPF. The model has been verified by previous research [35, 36] .
Governing Equations of the Flow
For steady-state incompressible two-dimensional flows, the following mass and momentum conservation equations are used to describe the flow (where subscripts i and j represent the directions of the X and Y axes, respectively) [35, 36] :
Equation of mass conservation:
Equation of momentum conservation:
where s i and s j are the source terms, indicating the resistance of the filter monolith, and τ ij is the stress tensor.
Turbulence Model
When the exhaust enters the NC-DCP GPF, the flow velocity is relatively high. The exhaust flows through the inlet cone, filter element and outlet cone, and a recirculation zone will occur due to the sudden change in the diameter. Therefore, the exhaust exhibits turbulent motion within the NC-DCP GPF. The Reynolds stress to close the flow control equation is calculated by the standard k-ε model. The model includes the turbulence kinetic energy k equation and the turbulence kinetic energy dissipation rate ε equation [37] .
where µ t is the turbulent viscosity and µ t = ρC µ k 2 /ε. G b is the turbulence kinetic energy generated by buoyancy, G k is the turbulence kinetic energy generated by the velocity gradient, Y M is the turbulence fluctuation by transitional diffusion in compressible turbulence, and C 3ε determines how ε is affected by buoyancy. As the buoyancy stress layer is vertical to gravity, C 3ε should be zero. The empirical coefficients used in Equation (13) are determined by Table 1 [38]. 
Porous Jump Model
The porous jump model is a one-dimensional simplification model of the porous media, which has good robustness and convergence [39] . The porous jump boundary conditions are used to simulate a porous media layer with a finite thickness, with a known velocity and pressure drop. The pressure variation in the gas flow through the porous media layer is defined using a combination of additional internal loss terms and Darcy's law.
where u is the velocity component perpendicular to the surface of the porous media, α is the permeability of the porous media, C 2 is the porous jump coefficient, and D m is the thickness of porous media layer. The permeability α and the porous jump coefficient C 2 are defined as follows:
where D p is the average pore diameter of the porous medium and ε p is the porosity of the medium.
Model Volidation
The pressure drop of the NC-DCP GPF is actually the pressure drop between the inlet and outlet when the exhaust passes through the GPF. Therefore, this section describes the validation of the model by comparison with the pressure drop measured in an experiment using the NC-DCP GPF prototype.
The test equipment includes a differential pressure transmitter, an air blower and the NC-DCP GPF prototype. The experimental setup is shown in Figure 5 . The differential pressure transmitter consists of a differential pressure sensor (HSTL-FY01, ConTronix, Beijing, China) and a digital display (HSTL-CH6, ConTronix, Beijing, China), as shown in Figure 6 . The differential pressure sensor has two interfaces, which are connected to the inlet and outlet pipes, respectively, its parameters can been in the Figure 6 . The pressure drop between the two interfaces is shown by the digital display. The filter element in the prototype of the NC-DCP GPF is made of porous nickel foam, as shown in Figure 7 . The relevant material parameters of the nickel foam from Longsheng Inc. (Shenzhen, China) are shown in Table 2 . The prototype NC-DCP GPF used in the experiment is homemade. For easy disassembly, the model consists of four parts: the inlet cone, the shell, the filter element, and the outlet cone. The parts are connected by nuts, and a rubber sealing gasket is placed at the joint. To further enhance the sealing of the model, polyester glue is applied on the joints of the assembled parts. Considering the difficulty of fabrication, the filter element is nested by two layers of nickel foam cylinders. Figure 8 shows the components. The size of the prototype is shown in Figure 9 . The air source used in the experiment is an adjustable blower. The specifications are shown in Table 3 . According to the size of the NC-DCP GPF shown in Figure 8 , when the inner diameter of inlet pipe is 40 mm, the flow velocities in the inlet pipe corresponding to the different speeds of the blower are 2, 4, 6, 8, 10, and 12 m/s, respectively. Assuming that the air enters the prototype from the left side as shown in Figure 9 , the flow direction is defined as being in the positive direction, or the negative direction. Table 4 shows the average pressure drop measured from the prototype under the conditions of the two directions and different inlet velocities. According to the size of the prototype in Figure 9 , a two-dimensional grid model is established by Gambit 2.4.6 and simulated by Fluent 15.0. The grid independence was tested based on the pressure drop of the GPF. The grids differed slightly among the different velocities. Taking 2 m/s as an example, grids with 30,439, 35,634, and 40,253 control volumes were used. After the grid test, the pressure drop changed by less than 5% between the final two grids. Thus, the grid with 35,634 control volumes was chosen with a 0.13 mm grid spacing near the filtration wall. Figure 10 shows the comparison between the pressure drop of simulation and the experimental measurements.
It can be seen from Figure 10 that the pressure drop measured for the experimental prototype is in good agreement with the simulation results under different conditions, and the errors are kept within 10%. When the direction is positive, the experimental and simulated pressure drops are all less than the corresponding pressure drop in the negative direction.
Under different conditions, the experimental values are slightly higher than those of the simulation. One reason for this result is that during the process of manufacturing and connecting the prototype, the interface section parts were not made smooth enough, which increases the overall pressure drop to a certain extent.
The other reason concerns the air blower. The air flow provided by the blower fluctuates, and the flow inside the inlet pipe is not uniform on the radial position, which affects the measurement of the pressure drop. 
Simulation Results and Discussion
The Effect of the Number of Nested Layers on the Pressure Drop
Two-dimensional grid models of the NC-DCP GPF with 3, 4, 5, and 6 nested layers are established.
In the boundary condition setting, assuming that the inlet velocity of the NC-DCP GPF is evenly distributed, the exhaust parameters refer to a GDI engine with a displacement of 2.0 L and a rated speed of 5000 r/min. Considering the different operating conditions of the engine and the inlet exhaust pipe diameter of the NC-DCP GPF, the exhaust level of the inlet section is selected, with average velocities V = 30, 40, and 50 m/s. The exhaust temperature is 750 K, and the exhaust density is 0.6 kg/m 3 . The outlet boundary is treated as a fully developed flow, the wall is treated as a nonslip boundary condition, and the porous medium is set as a porous jumping boundary condition.
Foam metal has good permeability. Its permeability is allowed to vary within a wide range, generally, 10 −12 -10 −10 m 2 and the porosity is between 70% and 80%. Furthermore, foam metal has good workability and can be processed to a thickness of 0.5-10 mm. This paper mainly studies the influence of the structural parameters of the NC-DCP GPF on the overall pressure drop, so the parameters of the filter material are selected and fixed. Based on the parameters of foam metals commonly used as gas filtration materials, the parameters of the porous media are set as follows: the porosity is 0.75, the thickness is 2 mm, the permeability is 1 × 10 −11 m 2 , and the corresponding pressure drop coefficient is 140,000 m −1 .
It is assumed that when the exhaust flows from section 1 to section 8 in Figure 2 , the direction of air flow is positive, and when it flows from section 8 to section 1, the direction is negative. Figure 11 shows the overall pressure drop across the NC-DCP GPF with different nested layers at different exhaust flow velocities and directions. It can be observed from Figure 11 that the exhaust velocity has a greater impact on the overall pressure drop. The larger the exhaust flow velocity is, the greater the pressure drop is. Under the conditions of 30, 40, and 50 m/s, the overall pressure drop is lower when the flow is in the positive direction. Figure 11 also shows that the overall pressure drop of the NC-DCP GPF decreases with an increasing number of nested layers, and the amount of the decrease of the overall pressure drop is also reduced. The reason for this phenomenon is that when the overall size is fixed, with an increasing number of nested layers, the spacing of the layers gradually decreases, even though the pressure drop caused by the exhaust passes through the filter decreases. However, the pressure drop along the narrower filter channel increases, so the overall pressure drop of the NC-DCP GPF is not significantly reduced. The simulation results show that when the exhaust flows from cross-section 1 to cross-section 8, the overall pressure drop of the NC-DCP GPF is smaller, and increasing the number of nested layers can reduce the overall pressure drop.
On the other hand, as the number of nested layers increases, the production cost and difficulty will also increase. Moreover, the spacing between layers will be too small, resulting in narrow filter channels. With the deposition of particles, it is easy to produce blockages and reduce the filtration efficiency. Therefore, a follow-up study to this paper will use the four-layer nested filter element structure shown in Figure 2 . The direction of the flow is from cross-section 1 to section 8.
Optimization of the Diversion Plug and Its Influence
When the exhaust flow enters and exits the filter element, the velocity will change dramatically, which will cause a greater pressure drop. A reasonable design of inlet and outlet structures of filter elements to guide air flow is very important to reduce the overall pressure drop. The local pressure drop at the inlet and outlet of the NC-DCP GPF filter element mainly comes from the annular plugging area, so the installation of diversion plugs in the plugging area is considered to optimize the flow field. In this paper, semicircular and isosceles triangle diversion plugs with cross-sectional shapes are designed. The top angles β of the isosceles triangle diversion plugs are 60 • , 90 • , and 120 • , respectively. The cross-sectional shapes of the diversion plugs are shown in Figure 12 .
Assuming that the flow in the NC-DCP GPF filter element is axisymmetric, to study the influence of the diversion plug on the flow field, a two-dimensional model of the filter element with different diversion plugs is established using the NC-DCP GPF filter element shown in Figure 2 . The model consists of three exhaust inlet channels. It is assumed that the first, second, and third channels are arranged from the centerline to the border.
In the setting of the boundary conditions, assuming the distribution of the exhaust velocity at the inlet of the filter element is uniform and referring to the exhaust parameters of the GDI engine at the rated speed and the diameter of the exhaust pipe described in Section 3.1, the inlet exhaust velocity is V = 4.4 m/s, and the other exhaust parameters are the same as the inlet boundary conditions shown in Section 3.1. The outlet boundary is treated as fully developed flow, the wall is treated as a nonslip boundary condition, and the filter medium is set as a porous jump boundary condition. Considering that the diversion plug is used to change the flow, the diversion plug is treated as a solid boundary in the model. For the GPF without a diversion plug, when air enters the filter element, the direction of the air flow in the annular sealing area will change abruptly, while the diversion plug can weaken the sudden change of the direction of air flow in the area and reduce the pressure drop when the exhaust enters the filter element. The velocity distribution comparison is shown in Figure 13 . It can be seen that after the diversion plug is installed, the velocity at the entrance of the filter element decreases, and the direction of the air flow changes more smoothly. Figure 14 shows the radial pressure distribution at the inlet of the filter element after installing diversion plugs with different cross-sectional shapes. The figure shows that the pressure drop can be significantly reduced by installing diversion plugs. When the cross-sectional shape is an equilateral triangle, i.e., an isosceles triangle with a top angle of 60 • , the pressure drop has the largest reduction, up to 4.4% compared to no diversion plug. With an increasing top angle, the pressure drop of the triangle diversion plug gradually decreases. The semicircular diversion plug also obviously reduces the pressure, and the pressure distribution at the inlet is more uniform than that of the 60 • triangular diversion plug. Figure 15 shows the velocity distribution at the inlet cross section of the NC-DCP GPF filter when the exhaust gas enters the channel of the filter element, in which Figure 15a -c show the velocity distributions of the first, second, and third channels of the filter element, respectively. After installation of the diversion plug, the velocity near the inlet central area of each channel has been reduced to varying degrees, the radial velocity distribution is gentler, and the difference between the maximum and minimum velocities near the center of the channel is smaller. From Figure 15a ,b, the minimum velocities of the first and second channels appear near the center of the channel. The reduction degree of the triangular diversion plug is greater than that of the semicircular structure, and the smaller the angle of the triangle top angle, the greater the decrease degree of the inlet velocity of the channel. The flow field in the channel is only affected by the diversion plug on one side, as shown in Figure 15c . The installation of the diversion plug reduces the air velocity on one side of the wall flow but slightly increases the velocity on the other side. According to Figure 15 , in the absence of a diversion plug, the velocities in the first and second channels are larger, and the larger exhaust velocity increases the filter pressure on the filter wall of the inner channel.
Therefore, installation of a diversion plug can significantly reduce the velocity in the channel, especially on the side close to the center, which causes more gas to enter the outer filter wall with a larger filtration area, which is conducive to the purification of the exhaust gas. To further investigate the influence of the diversion plug on the flow uniformity in the channel, the velocity field distribution at 20 mm from the entrance of the channel is studied, as shown in Figure 16 .
In Figure 16 , the diversion plug reduces the maximum velocity in the three channels of the filter element and improves the minimum velocity to render the velocity field inside the filter element more uniform. For the triangular diversion plug studied in this paper, the smaller the apex angle is, the greater the reduction of the maximum velocity and the increase in the minimum velocity are. As shown in Figure 16a ,b, in the first and second channels, the maximum velocity reduction and minimum velocity increase of the semicircular diversion plug are greater than those of the triangular diversion plug. In the third channel, as shown in Figure 16c , the maximum velocity reduction and minimum velocity increase of the semicircular diversion plug are also more significant and are second only to the effects of the isosceles triangular cross-sectional diversion plug with a top angle of 60 • . The essence of the diversion plug is to guide the exhaust flow to cause the exhaust gas to smoothly enter the filtering channel, such that the flow field distribution can be more uniform. To quantitatively analyze the uniformity of the internal flow field of the NC-DCP GPF, an evaluation index of the flow field uniformity was introduced. The flow uniformity index is generally expressed by a criterion established by Weltens et al. [40] for evaluating the velocity distribution in the filter element, as shown in Equation (17) .
where γ is the flow uniformity index, the higher value illustrates better flow uniformity; n is the number of measurement points; and v mean is the average velocity inside the channel. Table 5 reports the flow uniformity index before and after the installation of the diversion plug shown in Figure 15 . The uniformity of the flow field inside the filter element is significantly improved after the diversion plug is installed. The semicircular diversion plug increases the flow uniformity of the first channel and the second channel by 6.5% and 6.2%, respectively, and the flow uniformity of the third channel is also improved, but it is slightly smaller than that of the triangular diversion plug with an apex angle of 60 • . For the triangular diversion plug, the smaller the apex angle, the more significant the improvement in the flow uniformity inside the channel. 
Conclusions
In this paper, a novel wall-flow GPF consisting of foam metal cylinders and diversion plugs nested inside each other is designed. The filter element forms an annular filter channel by the nested cylinder and forces the airflow to pass through the filter wall surface through the interval plugs. The advantages of the filter are its small size, light weight, compact structure, large filtering surface area, and small flow resistance. The choice of foam metal as the filter material not only ensures the high filtration efficiency of the NC-DCP GPF but also meets the long-term high-temperature working conditions.
The main structural parameters of the NC-DCP GPF element is the number of nesting layers of the cylinder. Under the condition in which the overall size of the NC-DCP GPF is constant, the number of nesting layers affects the spacing between layers, the opening ratio and the filtration area, thus affecting the overall pressure drop of the NC-DCP GPF. The greater the number of nesting layers is, the larger the filtration area is, and the smaller the pressure drop is. However, as the number of nesting layers increases, the nesting layers have less influence on the overall pressure drop of the NC-DCP GPF, because the pressure drop caused by the friction along the channel increases, along with the effects of the smaller spacing between the layers and narrower filter channels.
The diversion plug of the NC-DCP GPF affects the pressure drop of the filter element. The isosceles triangular diversion plug with an apex angle of 60 • has the greatest pressure drop reduction compared to no plug, followed by the semicircular diversion plug. The diversion plug can also influence the distribution of the internal flow filed, it decreases the inlet velocity of the inner channel. The triangular diversion plug reduces the inlet velocity of the inner channel more than that of the semicircular structure and the smaller the apex angle is, the greater the decrease in the inlet velocity of the channel is. The diversion plug improves the flow uniformity of the flow field inside the NC-DCP GPF and renders the flow distribution inside each filter channel more uniform. The semicircular diversion plug exhibits the greatest improvement in the uniformity index of the flow field in the inner channel, and the improvement in the uniformity index of the flow field in the outer channel of the filter element is second only to that from the triangular diversion plug with an apex angle of 60 • . In the triangular diversion plug, the smaller the apex angle is, the greater the improvement in the flow field uniformity index is. 
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